In this work xanthan chains were crosslinked by esterification reaction at 165
Introduction
Xanthan gum is a high molecular weight polysaccharide with branched chains and acidic characteristic produced predominantly by Xanthomonas campestris (Dumitriu, 2005) in aerobic conditions from sugar cane, corn or their derivatives and is largely used as thickener agent in food, cosmetics and drilling fluids (Geremia & Rinaudo, 2005) . It consists of d-glucosyl, d-mannosyl, and d-glucuronyl acid residues in a 2:2:1 molar ratio and variable proportions of O-acetyl and pyruvyl residues. Trisaccharide sidechains are composed of mannose (␤-1,4) glucuronic acid (␤-1,2) mannose attached to alternate glucose residues in the backbone by ␣-1,3 linkages. A ketal linkage joined by a pyruvic acid moiety is on approximately half of the terminal mannose residues. Acetyl groups are often present as 6-O substituents on the internal mannose residues. Under low ionic strength or high temperature xanthan chains appear as disordered and flexible structures (Dumitriu, 2005; Tinland & Rinaudo, 1989) , whereas at low temperature or high ionic strength they present ordered structures (single or double helix conformations) (Dumitriu, 2005) . At pH > ∼4.5 O-acetyl and pyruvyl residues are deprotonated, increasing charge density along the xanthan chains and enabling their physical crosslinking mediated by Ca 2+ ions (Bergmann, Furth, & Mayer, 2008; Dário, Hortêncio, Sierakowski, Queiroz Neto, & Petri, 2011) . Alternatively, xanthan can be crosslinked by using adipic acidic dihydrazide Understanding the swelling behavior of hydrogels in the presence of ions is important from the practical and theoretical points of view. The effects of Hofmeister ions on the colloidal behavior were originally attributed to perturbations of bulk water properties and macromolecule hydration, related to electron-pair acceptance -EPA -and electron-pair donation -EPD -ability of water, which can be respectively enhanced by hydration to cations and anions (Muta, Kojima, Kawauchi, Tachibana, & Satoh, 2001a , 2001b . Cations with a very small radius or a large charge density have more influence on EPA of water, increasing its ability to hydrate electron donator groups, as carbonyls, for example, causing "salting in" or swelling effect, as observed for poly(N-vinil-2-pyrrolidone) hydrogels, where Ca 2+ , Mg 2+ and Li + increased swelling degree, whereas K + , Na + and Cs + caused hydrogel shrinking (Bueno, Cuccovia, Chaimovich, & Catalani, 2009; Takano, Ogata, Kawauchi, Satoh, & Komiyama, 1998) . However, nowadays there are evidence that such effects might be due to specific interactions between ions and macromolecules and their first hydration shell (Blachechen, Silva, Barbosa, Itri, & Petri, 2012 , Cacace, Landau, & Ramsden, 1997 Kunz, Lo Nostro, & Ninham, 2004; Leontidis, 2002; Zhang & Cremer, 2006) , which involve the relative polarizabilities of the ions (Zhang, Furyk, Bergbreiter, & Cremer, 2005) and changes in the Hamaker constant for particle-particle interaction and in the ion hydration layer (Manciu & Ruckenstein, 2007; Petrache, Zemb, Belloni, & Parsegian, 2006; Santos & Levin, 2011) , affecting the colloidal behavior. Ions were ordered in the so-called Hofmeister's series, where ions that destabilize folded proteins and cause "salting-in" effect are called chaotropes or "water structure breakers" ions; SCN − and Ba 2+ ions are the most chaotrope ones of the series. Chaotropes are usually large and present high polarizabilities. Consequently, they have weak electric fields, losing their hydration layer easily. In contrast, ions which tend to stabilize proteins and cause "salting-out" effects are called kosmotropes or "water structure makers"; citrate and (CH 3 ) 4 N + ions are the most kosmotropes of the series. Usually kosmotropes are small and present low polarizabilities. Since they have high electric fields at short distances, they do not lose their hydration layer easily.
Gel swelling might be also affected by the osmotic effect, which drives water molecules out the hydrogel structure, causing gel shrinking. Such effect was observed for PNIPAM microparticles, where the addition of non-crosslinked polymer to hydrogel suspension provided a concentration gradient, as the free polymer chain was not able to permeate the microgel. The gradient was compensated by gel deswelling, balancing chemical potentials inside and outside of the network (Saunders & Vincent, 1999) . Ions are totally excluded from intermediate and bounded water due to entropic factors and their transport inside gel structure occurs only in the bulk phase (Wisniewski & Kim, 1980) , causing an ionic concentration gradient inside the gel structure. This gradient shifts the intermediate water and bound water to bulk, to promote osmotic system stabilization. Thus, polymer chains dehydration and consequent increase of hydrophobic interactions among them lead to gel shrinking (see cartoon on Supplementary material 3).
In this work, xanthan hydrogels were obtained either in the absence or in the presence of citric acid, a non-toxic crosslinker for polysaccharides (Reddy & Yang, 2010; Yang, Wang, & Kang, 1997) . Xanthan hydrogels were characterized by gel content and scanning electron microscopy (SEM). Their swelling behavior was investigated under different medium characteristics, as salt type (Hofmeister series) and pH, in order to evaluate their responsive characteristics. Moreover, tensiometry, a very precise and sensitive technique, was applied to study swelling rates and diffusion mechanisms of water. To the best of our knowledge, it is the first time that tensiometry was used for the determination of diffusion mechanism of water in hydrogels.
Experimental

Materials
Commercial xanthan (Kelzan ® , CP Kelco, USA, degree of pyruvate = 0.38, degree of acetyl = 0.41, M v ∼ 1.0 × 10 6 g/mol, degree of polymerization ∼ 1072) was used as received. Citric acid (Analitica Quimica, Brazil) was recrystallized twice from water before use. NaCl and HCl were obtained from Casa Americana -Brazil. KCl and NH 4 Cl were obtained from Nuclear -Casa da Química, Brazil. NaF, NaSCN, LiCl, n-hexane and NaOH were obtained from Synth. All these reagents are analytical grade and were used without further purification. Salts were dried in a desiccator containing silica-gel under vacuum prior to use. Deionized water was used in all experiments.
Xanthan hydrogels preparation
Xanthan-based hydrogels were prepared as follows: xanthan films were produced by casting a 6 g L −1 xanthan aqueous solution in the absence or in the presence of citric acid at 0.3 g L −1 . This concentration of citric acid was chosen because it worked well for starch crosslink (Reddy & Yang, 2010) . The solutions were homogenized with an Ika Turrax ® stirrer at 18,000 rpm for 3 min and submitted to centrifugation for 5 min at 3600 rpm, to remove air bubbles prior to casting. Crosslinking was achieved by heating the dried films (∼0.02 mm thick) at 165 • C for 7 min. The sol fraction was extracted with water at ∼70 • C, under gentle magnetic stirring, during 24 h. The resulting xanthan hydrogels (XNT hydrogel) and xanthan-citric acid hydrogels (XCA hydrogel) were dried at 45 • C for 48 h.
Xanthan-based hydrogels characterization
Gel content and swelling degree at equilibrium (Q) were calculated according to Eqs. (1) and (2), respectively:
where m pol is the initial mass of polymer, m driedgel is the mass of dried hydrogel, m water is the amount of water absorbed by the gel and m swollengel is the mass of swollen hydrogel. SEM analysis was performed in a Jeol microscope FEG7401F equipped with a Field-Emission Gun. Samples were prepared by cryo-fracturing freeze-dried hydrogels. Resultant surfaces were analyzed after gold coating (sputtering). Fourier transform infrared spectroscopy was performed with BOMEM MB 100 equipment using KBr pellets. Mechanical properties were investigated in a DMA Q800 from TA Instruments. Analyses were performed for dried films about 0.010 mm thick with rectangular dimensions (∼30 mm × 6 mm).
Hydrogel swelling rate was determined with a Krüss K100 precision tensiometer (Krüss, Hamburg Germany), in the sorption mode, at 25 • C (see Supplementary material 1). Freeze-dried hydrogel samples were cut with scalpel in rectangles (5 mm × 20 mm) and suspended in an arrangement of Nylon ® wires trapped with a clamp model SH0602. Freeze-dried XNT and XCA hydrogels were ∼0.06 mm and ∼0.03 mm thick, respectively. A vessel with water, placed on a platform moved until water touched the sample. Water uptake occurred due to capillary forces. Mass variation due to water sorption or hydrogel swelling was automatically recorded as a function of time for at least three different samples of same material in order to determine mean Q values (Eq. (2)) with standard deviation of 13%. In a similar way n-hexane sorption was measured in the tensiometer, using the clamp directly to fix the freeze-dried samples (10 mm × 10 mm).
The diffusion mechanism of small molecules through a gel structure is classified according to the diffusional coefficient, n, value, which can be calculated according to Eq. (3) (Peppas, 1986) .
where M t and M e are the masses of water absorbed at a given time t and at equilibrium condition, respectively, k is a constant and n is the diffusional coefficient. The linear coefficient of ln(M t /M e ) as a function of ln(t) corresponds to n. In order to study media effects on hydrogels swelling experiments were done as follows: hydrogels, totally swollen in water, were immersed into different solutions (HCl 0.1 mol L −1 , NaOH 0.1 mmol L −1 , or LiCl, KCl, NaCl, NaSCN and NaF 1.0 mol L −1 solutions). After 24 h, hydrogels were removed from the medium and weighed. Relative swelling ratio Q/Q 0 was calculated as Eq. (4):
where Q solution is the swelling degree of hydrogel in the chosen solution and Q water is the swelling degree of the same hydrogel sample in pure water.
Results and discussion
Xanthan crosslinking
Xanthan crosslinking by citric acid took place at 165 • C by a condensation process, which involved dehydration and ester linkages formation between them (Reddy & Yang, 2010; Yang et al., 1997) . Xanthan chains are thermally stable at this temperature, as evidenced by thermal gravimetric analysis (Supplementary material 4). In general, such chemical bonds create a tridimensional hydrophilic structure that characterizes a chemical hydrogel (Hoffman, 2002) , as schematically presented in Fig. 1A . In the absence of citric acid the intra-and intermolecular ester bonds are due to xanthan chains dehydration and trans-esterification reactions, as represented in Fig. 1B .
In the absence of citric acid, esterification between xanthan acid groups (pyruvyl or acetyl) and OH groups can also occur upon heating the xanthan film. Such crosslinking reaction can be evidenced by FTIR spectroscopy (see Supplementary material 2). Carbonyl bands of xanthan corresponding to the acidic and ester forms can be observed at 1643 cm −1 and 1728 cm −1 , respectively. The sol fraction of crosslinked xanthan sample was removed prior to FTIR analysis. The relative intensities in the carbonyl range changed; after band deconvolution, acid/ester areas ratio decreased from 7 to 4, indicating conversion of the acid to the ester by heating. In the presence of citric acid it was not observed significant changes on carbonyls intensities ratio (acid/ester areas ratio decrease from 2.4 to 2.0). This is due to crosslinker addition, which balances carbonyls amounts.
Crosslinking density is inversely proportional to swelling capacity (Peppas, 1986) . Table 1 shows that XNT samples presented lower gel content and higher swelling degree (Q) than XCA samples and other xanthan based gels reported in the literature Bejenariu, Popa, Dulong, et al., 2009; Shalviri, Liu, Abdekhodaie, & Wu, 2010) , because no crosslinker was added and pure xanthan chains have limited number of groups that can be crosslinked. On the other hand, gel content and Q values found for XCA are comparable to those prepared with dihydrazide or STMP (Bejenariu, Popa, Dulong, et al., 2009 ), due to crosslinker addition.
SEM analysis of cryofracture surface shows that XNT hydrogels ( Fig. 2A ) present heterogeneous porous structure and nanofibrils (about 20-30 nm diameter), which can be related to low crosslinking density. XCA hydrogels present more homogeneous porous structure and practically no nanofibrils (Fig. 2B) , indicating that citric acid is an efficient cross-linking agent. These morphological features corroborated with the gel content and Q values in Table 1. Young's modulus, stress at break ( ) and elongation at break () values determined for XNT and XCA dried gels were smaller than those measured for uncrosslinked xanthan chains (Table 1 ). The differences in the mechanical properties are probably due to the different packing densities in each sample. Irregular crosslinking points induce spaces formation between xanthan chains. Such spaces decrease the packing density, decreasing Young's modulus, and ε values. The density of uncrosslinked xanthan films was determined as 1.8 g cm −3 , whereas XNT and XCA collapsed films presented density values of 0.60 and 0.62 g cm −3 , respectively. XCA is slightly more rigid than XNT, due to the higher crosslinking homogeneity. The hydrogels properties of XCA are comparable to those reported for xanthan-starch films (Veiga-Santos, Oliveira, Cereda, Alves, & Scamparini, 2005).
Solvents diffusional mechanism and swelling rates
The study of transport of molecules, as the swelling behavior in different media compositions, is important in the understanding of delivery systems in biomedicine (Pal et al., 2009 ) and agriculture applications . Solvent and solute transport through a polymeric network can be described by different mechanisms, all of them are based on the diffusional coefficient n (see Eq. (3)). Fickian diffusion or Case I Diffusion mechanism describes the transport of molecules through matrix without any specific interactions between liquid molecule and matrix, where the typical n value is 0.5. Oppositely, Case II Diffusion considers interaction between penetrant molecule and polymer matrix, when n value is 1.0 (Hansen, 2010; Thomas & Windle, 1982) . Anomalous Diffusion mechanism is intermediate between Fickian and Case II Diffusion mechanisms with 0.5 < n < 1.0. In the Super-Case II Diffusion (n > 1.0), transport increase is faster than in the Case II Diffusion (Hansen, 2010) . Quasi-Fickian diffusion describes a stereoselective transport of the molecule in the matrix (Londhe, Gattani, & Surana, 2010; Solinis et al., 2002 ) typically presents n < 0.5.
The initial step in the swelling process might reveal important information about the gel porous structure (Galet, Patry, & Dodds, 2010) . However, it is difficult to measure because in some cases it is a very fast process. In the present study a high precision tensiometer was used to overcome this drawback, because this technique allows measuring mass variation due to solvent absorption in a very short time interval with precision and high sensibility, enabling observation of swelling events at its initial step. To the best of our knowledge, this is the first time this technique has being used to evaluate hydrogels swelling mechanisms.
The diffusion mechanism of n-hexane and water in XNT and XCA samples was investigated by recording the normalized mass sorption as a function of time (Eq. (3)), using freeze-dried samples which were stored in a desiccator over silica gel until the moment of experiment. The linearization yields the n value, which characterizes the type of diffusion mechanism. n-Hexane was chosen because it wets the polymer matrix (its low surface energy of 18.4 mN m −1 contributes to high spreading and low contact angle, Â ∼ 0 • ), but without swelling. Fig. 3A shows the normalized n-hexane mass sorption as a function of time. From curve linearization (Fig. 3B) the n values 0.05 and 0.11 were calculated for XCA and XNT, respectively, indicating a quasi-Fickian diffusion mechanism, where n-hexane molecules are supposed to pass through a preferential way inside interconnected pores, guided by wicking, which is the spontaneous absorption of a liquid by the action of capillary pressure (Masoodi & Pillai, 2010) . Fig. 3E shows the swelling curves in water for xanthan hydrogel samples. Fig. 3C and D shows the dependence of ln(M t /M e ) on ln(t) in two regions (beginning and final of water sorption curve) for swelling in water of XNT and XCA networks, respectively, with their respective n values. Diffusional coefficient on the initial swelling for both hydrogels was calculated as 0.33 and 0.37 for XNT and XCA hydrogels, respectively (Fig. 3C) , characterizing a quasi-Fickian diffusion mechanism without relaxation of polymeric chains, referred to preferential passage of water by interconnected pores, as observed for n-hexane.
After this initial water sorption, water uptake by XNT hydrogels (swelling) follows the Fickian diffusion Mechanism (calculated n value is 0.51 - Fig. 3D ). Another example of water Fickian diffusion by a hydrogel is the water uptake by cylinders of crosslinked poly(HEMA) (Hill, Lim, & Whittaker, 1999) . In this diffusion model, it is assumed that there is no interaction between network and transported molecule (Hill et al., 1999) . As crosslinking density is lower in this gel, swelling degree is larger due to higher bulk water contents, justifying Fickian mechanism. Table 1 Gel content, swelling degree Q, Young's modulus (E), stress at break ( ) and elongation at break (ε) measured for uncrosslinked xanthan, dried XNT and XCA hydrogels and literature data Bejenariu, Popa, Dulong, et al., 2009; Shalviri et al., 2010 The n values calculated for XCA hydrogels was ∼0.8 (Fig. 3D) , which is typical of Anomalous Diffusion Mechanism. In this case, as crosslinking density is large, the free volume (bulk water) is small, decreasing the diffusion rate (Hill et al., 1999; Krongauz, 2010; Wu, Joseph, & Aluru, 2009 ) Some authors say that this water has supercooled liquid phase characteristics (Wu et al., 2009 ). Similar behavior was observed for hydrogels based on polyacrylamide and methylcellulose polysaccharide (Aouada, Moura, Silva, Muniz, & Mattoso, 2011) , where variations in the gel formulation changed the diffusion mechanism from Fickian to Anomalous.
A significant amount of water in a hydrogel is bulk water, which does not differ significantly from bulk water out of the gel. However, bulk water is not the only water structure present in hydrogels. Studies involving other water-absorbent polymeric systems suggest that there are, at least, three kinds of water structure in these systems: bulk water, intermediate water and total bound-water (primary bound-water and secondary bound-water) (Gulrez, AlAssaf, & Phillips, 2011; Wisniewski & Kim, 1980) . According to Gulrez et al. (2011) , when hydrogels are exposed to water, the first kind of water that will be present is the primary boundwater, related to hydration of hydrophilic groups of the polymer.
This first bound-water is very difficult to remove from the gel. Hydrophilic groups' hydration starts the swelling of the polymer, exposing hydrophobic groups, which interacts with water forming the secondary bound-water. After this, intermediate and bulk water will be present due to osmotic driving force that forces hydrogel to infinite dilution and is opposite to crosslinks (elastic network retraction force). Water sorption curves obtained for XNT and XCA (Fig. 3E) show different stages, which can be related to the different hydration water layers. The first event, as described for n-hexane, is guided by hydrogel wicking (capillarity).
Equilibrium swelling dependence on media characteristics
Swelling of hydrogels can be influenced by the medium pH (Thakur et al., 2011) , especially when there are ionizable groups present in their structure. For instance, at pH > 4 the carboxylic acid groups in poly(acrylic acid) (Muta, Kawauchi, & Satoh, 2003) and poly(acrylamide-co-acrylate) (Candido et al., 2012) start to deprotonate, favoring the polymer-polymer repulsion and the interaction with water. XNT and XCA hydrogels have acidic groups from O-acetyl and pyruvyl residues or from citric acid (in XCA hydrogels), which can be completely deprotonated at pH > 6. Moreover, under basic medium, the unreacted hydroxyl groups are also deprotonated and ester bonds undertake alkaline hydrolysis. Thus, electrostatic repulsion and crosslink disruption favor the increase in swelling ratio (Q/Q 0 ) observed for hydrogels in basic medium, as show in Fig. 4 . XCA hydrogels are more sensitive to pH variation than XNT hydrogels, because they have more crosslinkings to be hydrolyzed than XNT hydrogels. At pH 2 and pH 6.5 there is no significant effect of pH on the Q/Q 0 values. Effects of media pH on pores morphology are exemplified in Fig. 5 . At pH ∼ 10 the original morphological features changed and the pore size increased significantly, corroborating with the increase in the (Q/Q 0 ) values observed in Fig. 4 . Comparing the images obtained at pH 6.5 with those at pH 2, the pore size decreased, particularly in the XCA hydrogels. Under acidic conditions charges are scarce, favoring pore collapse. Fig. 6 shows Q/Q 0 values at equilibrium of XCA and XNT hydrogels in the presence of Hofmeister monovalent anions and cations. The hydrogel was exhaustively rinsed with pure water, which reduces counter ions linked to xanthan chains. In general, Q/Q 0 decreased about 20%. A similar behavior was observed for poly(Nvinil-2-pyrrolidone) (Bueno et al., 2009; Takano et al., 1998) or poly(allylamine)hydrochloride and PVA hydrogels (Muta, Miwa, & Satoh, 2001 ). Fig. 6A shows the Q/Q 0 values determined for XNT and XCA hydrogels in the presence of Hofmeister monovalent anions, namely, F − , Cl − and SCN − , with Na + as counter-ion at 1.0 mol L −1 and pH about 6.5. Gel shrinking (Q/Q 0 < 1.0) was observed for all systems, except for XCA in the presence of SCN − ions, corroborating with reported data for Hofmeister series effect on hydrogel swelling (Bueno et al., 2009; Takano et al., 1998) . Polarizable ions (chaotropes) tend to adsorb on polar surfaces (Blachechen et al., 2012) , increasing the charge density and, therefore, promoting electrostatic repulsion. In case of hydrogels, electrostatic repulsion increases Q/Q 0 , what can explain light increase on XCA hydrogel swelling in the presence of SCN − . In the presence of F − (kosmotrope), shrinking effects were smaller than expected. One should notice that F − ions in water are hydrolyzed, generating HF and OH − ions, which increase the medium pH. In this experiment, NaF induced pH to increase to ∼9.0. As observed in Fig. 4 , alkaline conditions favor crosslinking disruption and charge density increases; consequently, they increase hydrogel swelling. Therefore, the Q/Q 0 values did not decrease as expected in the presence of F − because the dehydration was compensated by pore rupture.
The shrinking behavior of XNT and XCA was also investigated in the presence of Li + , Na + and K + , with Cl − as common counter-ion, at 1.0 mol L −1 and pH 6.5, as shown in Fig. 6B . The Q/Q 0 values indicated that XNT hydrogels shrinking was more pronounced than that of XCA hydrogels, especially in the presence of Li + (kosmotrope). Interestingly, XCA hydrogels were better swollen in the presence of Li + than in pure water. Such behavior might be discussed in the light of specific interaction between Li + and solvation layer of xanthan carbonyl or hydroxyl groups. Moreover, XCA hydrogels, which are carbonyl rich, are more affected by EPA of water, which increases hydration and consequently, hydrogel swelling. On the other hand, since the carbonyl content in the XNT hydrogels is smaller than in the XCA hydrogels, shrinking behavior of XNT might be better explained by osmotic effects.
Conclusion
Xanthan chemical hydrogels can be easily obtained by crosslinking with citric acid, a nontoxic crosslinker, by heating esterification. Crosslinking of xanthan chains in the presence of citric acid led to network with higher crosslinking density. Tensiometry allowed understanding the swelling mechanism of xanthan hydrogels. Initial water uptake mechanism does not depend on hydrogel composition in these cases, and is related to preferential passage of the solvent by interconnected pores without interaction with polymeric chains, as n-hexane uptake. Hydrogel swelling, which is the event that follows hydrogel wicking, can be controlled by hydrogel composition, and changes from Fickian (water diffusion does not depend on chains relaxation) to Anomalous (there is interaction between diffusive water and polymeric chains) with the presence of citric acid.
XNT and XCA hydrogels presented high acid resistance, but under alkaline conditions swelling degree increased, especially for XCA samples, due to ester linkages hydrolysis. Such behavior is desirable for the development of pH-controlled drug delivery systems, which protect the drug by preventing its delivery until higher pH environment of the small intestine is reached.
Understanding hydrogel swelling behavior with salts is important for applications involving high ionic strength. Three different effects described hydrogels behavior, depending on the kind of salt and hydrogel. Chaotropes anions, as SCN − , seem to interact directly with polymeric chains, causing swelling increase, as observed for XCA hydrogels. Kosmotropes cations, as Li + , are able to enhance EPA ability of water, increasing stability of carbonyl groups solvation layer and swelling, particularly for hydrogels which are carbonyl rich, as XCA hydrogel. Although kosmotropes anions, as F − are supposed to present strong shrinking effects on carbonyl rich hydrogels, because they are able to enhance EPD ability of water, destabilizing carbonyl hydration layer, this effect was not observed. The reason is the competition between F − induced shrinking effect and pH swelling increase effect due to pH increase. Shrinking effects were observed for the other tested ions and XNT hydrogels. Those were related to osmotic effects, observed in the absence of specific interactions between ion and macromolecule or their solvation layer.
